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Towards a population approach for evaluating
grassland restoration—a systematic review
Mélanie Harzé1,2 , Arnaud Monty1, Sylvain Boisson1, Carline Pitz1, Julia-Maria Hermann3,
Johannes Kollmann3,4, Grégory Mahy1
Persistence of restored populations depends on growth, reproduction, dispersal, local adaptation, and a suitable landscape
pattern to foster metapopulation dynamics. Although the negative effects of habitat fragmentation on plant population
dynamics are well understood, particularly in grasslands, the population traits that control grassland restoration are less
known. We reviewed the use of population traits for evaluating grassland restoration success based on 141 publications
(1986–2015). The results demonstrated that population demographywas relatively well-assessed but detailed studies providing
information on key stages of the life cycle were lacking despite their importance in determining population viability. Vegetative
and generative performances have been thoroughly investigated, notably the components of plant fitness, such as reproductive
output, while genetic and spatial population structures were largely ignored. More work on the population effects of ecological
restoration would be welcomed, particularly with a focus on population genetics. Targeted species were principally common
and dominant natives, or invasive plants while rare or threatened species were poorly considered. Evaluation of ecological
restoration should be conducted at different scales of ecological complexity, but so far, communities and ecosystems are over
represented, and more focus should be directed towards a population approach as population traits are essential indicators of
restoration success.
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Conceptual Implications
• Evaluation of grassland restoration success should be
done at different scales of ecological complexity, but so
far, only few studies have employed plant population traits
that are essential indicators of restoration success.
• Among population traits measured, detailed demographic
studies were lacking despite their importance in determin-
ing population viability. Genetic and spatial population
structures were also largely ignored.
• Habitat fragmentation has well-known negative conse-
quences on plant populations’ functioning. The success of
restoration in enhancing metapopulation dynamics must
therefore be of concern.
Introduction
Over the past decades, there has been an increased destruc-
tion and fragmentation of natural and seminatural habitats in
many parts of the world (Balmford et al. 2005). Fragmenta-
tion has negative effects on population size and connectivity,
thus affecting plant fitness and leading to increased risks of
extinction (Lienert 2004; Leimu et al. 2006). Small and iso-
lated populations are more exposed to environmental and demo-
graphic stochasticity, genetic drift, and inbreeding, that can
negatively impact genetic structure, fitness, and demography
(Lienert 2004). As sessile organisms, plants are particularly
threatened by habitat fragmentation (Young et al. 1996), and the
consequences for plant populations have been intensely studied,
for example in grasslands (Lienert 2004; Bowman et al. 2008;
Adriaens et al. 2009; Vanden Broeck et al. 2015). Many grass-
lands are endangered by land use change, such as agricultural
intensification, afforestation, and urban sprawl (Veldman et al.
2015a, 2015b; Koch et al. 2016). To quote only some examples:
in California, annual grasslands have strongly decreased due
to agricultural intensification, and are today highly threatened
by invasion of annual exotic grasses and forbs of Mediter-
ranean origin (Stromberg et al. 2001; Hoekstra et al. 2005); wet
and dry seminatural grasslands in Western Europe have been
degraded by recent land use change (Fuller 1987; Joyce &
Wade 1998; Poschlod&WallisDeVries 2002; Römermann et al.
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2005); while alpine grasslands of the Qinghai-Tibetan Plateau
have been hugely degraded by overgrazing (Ma et al. 2002).
In addition to conservation measures, ecological restoration
has become necessary to ensure long-term viability of threat-
ened grassland plants. Grasslands have been targeted by restora-
tion projects across the globe (Gibson-Roy et al. 2007), with
the aim of improving ecological networks and reducing frag-
mentation along with its negative effects (Jongman & Pungetti
2004). Restoration is comprised of a wide range of actions, from
increasing the number of individuals of endangered species to
re-creation of the reference ecosystem after land use changes.
According to the Society for Ecological Restoration (2004), the
ultimate goal of restoration projects is to develop an ecosystem
that is self-supporting and resilient to perturbations. Numerous
criteria can be employed to evaluate the success of restora-
tion interventions (Hobbs & Norton 1996; Piqueray et al. 2011;
Harzé et al. 2015), including different disciplines (Wortley et al.
2013) as well as various ecological complexities, that is indi-
viduals, populations, communities, ecosystems, and landscapes
(Ruiz-Jaen & Aide 2005; Cristofoli & Mahy 2010). According
to Ruiz-Jaen and Aide (2005), most studies use three commu-
nity or ecosystem attributes to assess restoration success, that is
vegetation structure, species diversity, and ecosystem processes,
while population characteristics are less represented. Among the
nine attributes listed by the Society for Ecological Restoration
(2004) to determine when restoration has been accomplished,
none directly relates to population attributes. Indirectly, how-
ever, attributes five (restored ecosystem apparently functions
normally for its ecological stage of development, and signs of
dysfunction are absent) and eight (restored ecosystem is suffi-
ciently resilient to endure the normal periodic stress events in
the local environment that serve to maintain the integrity of the
ecosystem) may include population traits. However, population
biology can provide useful indicators of restoration success, and
already, Montalvo et al. (1997) highlighted the application of
population biology to ecological restoration and advocated that
a restoration should be considered successful when populations
are reestablished to a level that allows their long-term persis-
tence in the landscape. Thus, restored populations must possess
characteristics allowing their reproduction, growth, migration,
and adaptation to the new environment.
Montalvo et al. (1997) also identified gaps in population biol-
ogy that could be addressed in the context of ecological restora-
tion. They proposed five research areas of particular importance
linked to questions posed by restoration practitioners. One of
these areas is related to population dynamics in fragmented
landscapes, that is “the influence of the spatial arrangement of
landscape elements on metapopulation dynamics and popula-
tion processes such as migration.” They advocated that there
was a lack of knowledge concerning the effects of isolation
on local adaptation and gene flow, and their impacts on the
survival and dynamic of restored populations or metapopu-
lations. They underscored the use of demographic data and,
notably, transition matrix models to explore population viability
(Menges 1990) and argued that studies on genetic diversity and
structure are necessary to better comprehend metapopulation
dynamics and long-term population viability (Hastings &
Harrisson 1994).
Twenty years after Montalvo et al. (1997), we assessed how
these recommendations have been taken into account with
respect to grassland restoration. Specifically, we addressed
the following questions: (1) To what extent has a population
approach been used to evaluate the success of grassland restora-
tion? (2) Which traits have mainly been examined? and (3) How
often have metapopulation dynamics been considered in eco-
logical restoration? To answer these questions, we reviewed the
scientific literature and concentrated on grassland restoration
and plant species population indicators.
Methods
A systematic review of the peer-reviewed scientific litera-
ture was conducted using the electronic database “Scopus”
with the following search terms (1986–2015): “grassland*
AND (restoration OR reclamation OR rehabilitation)” in the
title, keywords, or abstract; only publications with an English
abstract were selected. The resulting 3,105 papers were individ-
ually screened and classified into four categories based on title,
abstract, and content if needed with a dichotomous key (Fig. 1).
(1) Papers that were not evaluating the results of grassland
restoration were discarded as “not grassland restoration.” It
represented 2,049 papers (66%, Fig. 1). An ecosystem was
considered a “grassland” when the authors employed the term
grassland either in the title, keywords, or abstract. Certain
actions must have been realized in the context of a degraded
ecosystem with the aim to restore, create, or rehabilitate grass-
land, irrespective of the state of the ecosystem before. We did
not take “passive restoration” into account, defined as natural
regeneration without active human intervention, mainly after
the removal of persistent disturbances (Holl & Aide 2011).
A total of 1,056 papers (34%, Fig. 1) evaluated the results of
grassland restoration and were therefore considered for the next
step. (2) Papers evaluating the results of grassland restoration
but not dealing with plant species were discarded as “not plant
species.” (3) Papers evaluating the results of grassland restora-
tion and addressing plant species but not using a population
approach were removed as “not population approach.” (4)
Finally, papers assessing the results of grassland restoration
with plant species taking a population approach were selected.
All papers were sorted by the first author. To determine repro-
ducibility, a subset of 315 papers (circa 10%) was independently
classified by three other scientists following the same protocol.
The quality of reviewing these papers was established by the
percentage of agreement between the reviewers using Cohen’s
kappa statistic (𝜅), which adjusts the proportion of records for
which there is agreement by the amount of agreement expected
by chance alone (Cohen 1960). Agreement among the review-
ers was substantial (𝜅 > 0.6) between one pair, and moderate
(𝜅 > 0.4) between five pairs of reviewers; agreement can be con-
sidered “fair” when 𝜅 > 0.2 (Landis & Koch 1977).
The selected papers were carefully examined and the fol-
lowing information was traced in the text: (1) study species,
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Figure 1. A dichotomous key was utilized to classify papers into four categories (“not grassland restoration,” “not plant species,” “not population approach,”
and “selected paper”) based on titles, abstracts, and content if needed.
including number, functional type (grass, forb, shrub, fern), and
plant descriptors (native, invasive, weed, rare, common, dom-
inant, typical); (2) population traits for evaluating restoration
success; (3) time since restoration and years of post-restoration
monitoring; and (4) research area of the paper. The popula-
tion traits recorded were grouped into six classes according
to the literature (Silvertown & Charlesworth 2001; Ricklefs &
Miller 2005) and expert recommendations; individual papers
may have utilized more than one trait class (Table 1). The first
three classes of population traits concerned population struc-
ture and were divided into (1) genetic structure (allele frequency
and genotypes); (2) spatial structure (distance between individ-
ual, localization, density, etc.); and (3) demographic structure
(population size, age and stage structure, etc.). Population per-
formance was then divided into (4) vegetative performance and
(5) reproductive performance. The last class of traits concerned
changes in the demographic structure through time based on
population dynamics, also called (6) population demography
(Silvertown & Charlesworth 2001; Ricklefs &Miller 2005). All
selected papers are listed in Table S1 (Supporting Information)
with the classes of traits used for the population approach of
each paper.
Results and Discussion
Few Papers Employed a Population Approach to Evaluate
Grassland Restoration
Among the 1,056 papers evaluating grassland restoration suc-
cess surveyed, 66% used plant taxa as indicator (Fig. 1). As
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Table 1. Population traits were grouped into six classes according to the
literature and expert recommendations.
Classes of Population Traits Examples of Traits
1. Genetic structure Genetic diversity, ploidy levels,
gene flow
2. Spatial structure Dispersal distance, occurrence
within the landscape
3. Demographic structure Population size, life stages
structure
4. Vegetative performance Aboveground biomass, leaves
number, vegetative height
5. Reproductive performance Number of flowers, fruits or
seeds, seed germinability
6. Demography Adults survival, seedling
emergence, population growth
rate
interventions to restore grasslands are essentially focused on
vegetation management or plant species addition, and as tar-
geted habitats are mostly described by vegetation composition,
it is consistent that restoration evaluation focused on plants. It
was already noted by Ruiz-Jaen and Aide (2005) that plant rich-
ness was the most common measure of diversity recovery.
Among the papers utilizing plant taxa to assess grassland
restoration, approximately 80% did not include population
traits, and instead mainly focused on community or ecosys-
tem traits (Fig. 1). Hence, population biology is still not fully
included in the evaluation of grassland restoration success. This
may be explained by the fact that the standardized methods
proposed by the Society for Ecological Restoration (2004) to
determine accomplishing restoration are related to higher eco-
logical complexities than populations. The European Commis-
sion also concentrated on restoration in terms of ecosystem
goals and their services (Decleer 2012). Moreover, population
studies, primarily addressing several target species, have often
been criticized because the information recorded is considered
too restricted compared to the diversity of ecosystem biodiver-
sity components (Franklin 1993). Results from a population
approach concerned one or a few species studied in specific
sites, which is hardly generalizable to other species with dif-
ferent site conditions. Finally, it may be considered too time
consuming and expensive to measure detailed population traits
compared to species abundance for example.
A population approach has been considered particularly rel-
evant when targeting keystone, umbrella, indicator, rare, or
threatened species (Carignan&Villard 2002; Cristofoli &Mahy
2010). Roughly 60% of the 141 selected papers considered one
or two species, while only 12% of the papers considered rare
or threatened species. Other targeted species were described as
common native species (23%), dominant native species (23%),
typical native species (18%), or invasive species (20%). Selected
studies were principally localized in Europe (62 papers) and in
North America (60 papers). In North America, targeted species
were invasive species in 23% of papers, while rare species
concerned 10% of papers. In Europe, common and dominant
local species were mainly studied (50%), while invasive species
concerned 16% and rare or threatened species concerned 11%
of the papers.
Plant invasions are a major threat to ecosystems (Usher 1988;
Hobbs 2000) and can drastically diminish the chances of suc-
cessful restoration (Johnston 2011). Therefore, weeds and inva-
sive species were particularly well-studied—one-third of the
selected papers evaluated the success of restoration of invaded
habitats. This was related to 31 taxa (12 forbs, 11 grasses, 7
shrubs or woody species, and 1 fern). California grasslands, for
example, experienced one of the most drastic biological inva-
sions, with almost complete conversion from native to exotic
annuals (Hamilton 1997). Restoration of invaded grasslands and
the way local grassland populations dealt with invasive popula-
tions is therefore quite extensively studied, particularly in North
America (e.g. Kimball & Schiffman 2003; Gillespie & Allen
2004; Moyes et al. 2005; Cox & Allen 2011).
Genetic and Spatial Population Structures Are Largely Ignored
Demography describes changes in population size over time.
It was the class of population traits most often employed to
evaluate grassland restoration (77%, 109 papers). Specifically,
this concerned traits including number of emerged seedlings or
individual survival through time using one to 64 species, mostly
forbs (40%, 56 papers). Detailed demographic processes were
poorly studied—just 8% (11 papers) of the selected papers
followed individual fate and, among them, only 3% (four
papers) employed demographic models of population growth
and identified critical life history stages for population survival.
Demographic studies providing information on the most crucial
stages of the life cycle are useful for evaluating population
viability (Lande 1988; Oostermeijer et al. 2003), and allow pre-
dictions of future growth of populations (Schemske et al. 1994;
Oostermeijer et al. 2003). Moreover, demographic studies are
usually considered of more immediate importance than popu-
lation genetics for determining short-term population viability
(Lande 1988). Indeed, decreases in the success of a critical step
during the life cycle may directly affect population recruitment
many generations before negative genetic effects appear (Lande
1988; Ouborg et al. 1991; Morgan 1998). On the other hand,
such pluriannual demographic studies are time-consuming and
much effort is needed by researchers compared to less-detailed
demographic studies or those targeting simply one stage of
population dynamic.
Population performanceswere the secondmost assessed class
of traits (63%, 89 papers), primarily encompassing vegetative
performances described through aboveground biomass and veg-
etative height (Table 2); half of the study species were forbs
while the other half were grasses. Reproductive performances
were principally described through flower, seed, and fruit pro-
duction. Vegetative and reproductive performances are often
linked, and the final measure of population performance is indi-
vidual fitness, that is population ability to produce offspring
(Begon et al. 1990). Morphological traits influence reproduc-
tive traits and, in turn, final fitness. According to Violle et al.
(2007), the three major components of plant fitness are vegeta-
tive biomass, reproductive output (number of seeds produced),
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Table 2. Traits used to describe vegetative or reproductive plant performance. A paper may have employed more than one trait to describe population
performance, including traits describing both vegetative and reproductive performances.
Traits Used to Describe Vegetative Performance
Number of
Papers (out of 73) Traits Used to Describe Reproductive Performance
Number of
Papers (out of 49)
Aboveground biomass 40 Flower production 31
Vegetative height 35 Seed production 15
Number of stems 16 Fruit production 9
Size (basal diameter or area) 12 Flower or seed or fruit size 8
Belowground biomass 7 Seed germinability 7
Leaves number or size 6 Reproductive height 6
Observed vegetative vigor 4 Reproductive biomass 4
Recruitment 3
and plant survival, and all have been relatively well-assessed
with regard to evaluating grassland restoration success to date.
The genetic structure of restored populations was addressed
in 10 papers (7%) via two distinct approaches. First, five papers
assessed the impact of restoration by seeding and/or the impact
of seed origin (local vs. nonlocal) on the population genetic
structure of one to three species, including seven forbs and six
grasses. Baer et al. (2014) observed that cultivars of Sorghas-
trum nutans were genetically different from populations of the
regional ecotype, while the genetic diversity of the two seed
sources was similar. In kind, Selbo and Snow (2005) as well
as Gustafson et al. (2004) found no differences in genetic diver-
sity between local remnant and seeded populations or cultivars
of Andropogon gerardii and S. nutans. Smulders et al. (2000)
determined a significant founder effect caused by the reintro-
duction of a limited number of seeds for Cirsium dissectum and
Succisa pratensis. Finally, Delaney and Baack (2012) assessed
the risk of hybridization for 38 species (11 grasses and 27 forbs)
between remnant and introduced genotypes that would poten-
tially lead to outbreeding depression. They found that restora-
tions were likely to create mixed ploidy populations, leading to
lower reproductive success. Restoration genetics is a field that
arose from the increasing need for species translocation with
the intent of restoration (Young et al. 2005). It has provoked
new questions concerning the consequences of seed sampling
protocols or local adaptation (Hufford & Mazer 2003). More
genetic research combined with long-term monitoring is neces-
sary to establish the success of plant species’ population restora-
tion and to evaluate their evolutionary potential in the face of
future environmental change. Secondly, five papers addressed
the genetic consequences for populations restored in fragmented
landscapes. We will discuss this point later.
The class of population traits least employed to evaluate
grassland restoration was the spatial structure of populations.
It was addressed in eight papers (6%) that primarily focused
on forbs. Globally, those papers assessed the recolonization
ability of targeted species and tested whether species dispersal
was the limiting factor for a successful restoration. This was
the case for Silaum silaus and Serratula tinctoria in restored
floodplain grasslands (Bischoff 2000, 2002), and for 16 species
of seminatural grasslands (Öster et al. 2009a). The role of
mobile links, such as sheep (Freund et al. 2014), was also
studied with regard to grassland restoration. In the appraisal
of grassland restoration, recruitment ability as a limiting factor
to restore populations was more often evaluated than species
dispersal. This may be explained by the fact that out of the 141
papers selected, just 30 (21%) examined grassland restoration
without any species addition while 111 papers (79%) did so
after introducing seeds, hay, or transplant, thus short-cutting the
dispersal filter in restoration. Out of those eight papers, only
one investigated the role of spatial isolation of populations in
restoration success (Moore et al. 2011).
The more frequent use of simple traits related to population
demography (seedling or juvenile stages) or vegetative perfor-
mance may be explained by the fact that detailed genetic studies
are more costly, and that long-term demographic studies are
time-consuming and laborious. Moreover, when the number of
study species increases, a choice must be made among popula-
tion processes that could be taken into account.
Research on Reduced Population Fragmentation Is Scarce
Five of the 10 papers assessing the genetic structure of restored
populations analyzed the genetic consequences for popula-
tions restored in fragmented landscapes. Gustafson et al. (2002)
showed that restored grassland populations of Dalea purpurea
had greater genetic diversity relative to remnant populations in
a highly fragmented landscape. They advocated that metapop-
ulations are maintained throughout the landscape by frequent
local gene flow and because restorations have been realized
with seeds from multiple source populations. In the same way,
Helsen et al. (2013b) did not observe a decrease in genetic diver-
sity in recently restored populations of Origanum vulgare, indi-
cating that spontaneous colonization after habitat restoration
can lead to viable populations within a short time, especially
when several source populations are located nearby. However,
Aavik et al. (2013) found that there was low gene flow between
sown and natural populations of Lychnis flos-cuculi. Jacquemyn
et al. (2010) emphasized the absence of gene flow between rem-
nant populations of Cirsium acaule in a severely fragmented
landscape that affected genetic diversity of plant populations
and decreased the success of restoration—none of the recently
restored areas was occupied by the study species. Finally, Rico
et al. (2014) tested the effect of rotational shepherding on the
demographic and genetic connectivity of a calcareous grassland
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species, demonstrating that populations of ungrazed sites (not
linked by sheep grazing) had less genetic diversity than grazed
populations. Those five studies targeted the key research area
proposed by Montalvo et al. (1997) regarding the influence of
the spatial arrangement of landscape elements on metapopula-
tions, centered on one or two insect-pollinated forb species. The
genetic structure of wind-pollinated species is less likely to be
affected by fragmentation, and grasses generally perform bet-
ter than forbs in restored habitats (Pywell et al. 2003). This of
course does not answer the question of why other restoration
studies that included forbs did not take metapopulations into
account.
The negative consequences of habitat fragmentation on plant
populations are well-known (Lienert 2004), particularly those
on genetic structure (Hufford & Mazer 2003). Along these
lines, restoration is needed to enhance ecological networks of
habitats, to reduce the genetic threats of fragmentation on plant
species, and to ensure long-term viability of threatened plant
populations. However, restoration may also signify a risk for
populations. Indeed, when restoration relies on the spontaneous
colonization of restored habitats, founder populations can be
small and represent just a minor proportion of the genetic diver-
sity of the source population (Montalvo et al. 1997; Hufford &
Mazer 2003). This can be based on a lack of seed source, low
dispersal capabilities in space and time, the absence of dispersal
agents, or germination problems (Bakker & Berendse 1999;
Coulson et al. 2001; Öster et al. 2009b; Helsen et al. 2013a).
Small and genetically less diverse populations have reduced sur-
vival over the long term because of the effects of demographic,
genetic, and environmental stochasticity (Menges 1991; Ell-
strand & Elam 1993). Moreover, plant populations that have
been isolated for a long period of time within the landscape may
be characterized by a high genetic differentiation among popula-
tions, representing the major proportion of genetic diversity for
the species (Hensen et al. 2010; Wagner et al. 2011). Restora-
tion with commercial seed sources or with genetically distinct
source populations may potentially alter the genetic structure
of local remnant populations, lead to outbreeding depression
and compromising their fitness (Hufford & Mazer 2003).
In this context, the evaluation of restoration success consid-
ering the genetic structure of populations is necessary but still
largely deficient. This research area represents a considerable
gap in the literature on the evaluation of grassland restoration
success. Knowing the potentially deleterious outcomes, and
especially the genetic effects, of habitat fragmentation on plant
species populations, it is now necessary to determine the effi-
cacy of grassland restoration protocols to counteract this threat.
Conclusions
Twenty years afterMontalvo et al. (1997) identified gaps in pop-
ulation biology research that could be addressed in the context
of ecological restoration, population indicators are still infre-
quently used for evaluation of grassland restoration success.
Despite knowing the consequences of habitat fragmentation
on plant populations, the success of restoration in enhancing
metapopulation dynamics through the creation of a connected
network of habitats has only been rarely taken into account in
grassland ecological restoration efforts.
Several targeted species may not be able to colonize restored
areas, particularly in fragmented landscapes. When restoration
goals focus on the recovery of those species, population param-
eters are fully relevant to gauge restoration success. Deeper
research on the cause of colonization or germination failure is
needed for those species. Moreover, it may be necessary to eval-
uate methods to best apply their reintroduction through seed
addition or transplants in restored sites. Targeted species may
be rare plants, depending on specific dispersal agents, being
highly specialized or having few seed sources available in the
surrounding. In addition, as invasive species are one of the main
threats to ecosystems and an impediment to successful restora-
tion (Usher 1988; Hobbs 2000), evaluating methods to eradicate
invasive populations are needed and a population perspective is
fully relevant in this context. Hopefully, our review stimulates
future research on grassland restoration and the assessment of
restoration success from a population perspective over the next
20 years.
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